The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor that is present in most cell and tissue types of the body.
In addition, related environmental contaminants such as polycyclic aromatic hydrocarbons (PAHs) and persistent organochlorine pollutants (POPs) including polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs) are other known ligands. [2] [3] [4] [5] [6] Before binding to ligands, AhR is located in the cytoplasm as one component of a complex composed of two molecules of a 90-kDa heat shock protein. After ligand binding, AhR dissociates from the complex and translocates to the nucleus and dimerizes with the AhR nuclear translocator protein (ARNT). AhR-ARNT heterodimers act as transcriptional activators by binding to specific DNA sequences termed xenobiotic-response elements (XRE, or dioxin-response elements; DRE) in the enhancer regions of the CYP1A1 and several other proteins involved in xenobiotic metabolism. This DNA interaction is highly correlated with subsequent toxicity events including carcinogenicity, developmental and reproductive toxicity, and immunological impairment. [6] [7] [8] [9] [10] [11] The lack of TCDD toxicity in AhR knockout mice, combined with the ability of the AhR to act as a ligand-dependent transcription factor, also indicates that the AhR mediates the toxic and biologic effects of TCDD. 12) In addition to exogenous AhR ligands such as the dioxins represented by TCDD, certain polynuclear aromatic hydrocarbons and biphenyls, which constitute an important group of known environmental, dietary and occupational contaminants or suspected carcinogens in animals and humans, numerous regulative ligands for AhR have been identified; tryptophan and other indole-containing compounds, bilirubin, and so on. [13] [14] [15] [16] [17] [18] A recent study has also suggested that indigo and indirubin are endogenous AhR ligands present in human urine. 19) In order to elucidate the physiological significance of AhR as an orphan receptor, more fundamental data needs to be accumulated. AhR ligands such as dioxins are artificial products have recently appeared. Therefore, the AhR might primarily function as a receptor for exogenous natural products such as vegetable foods. In addition, although ligands such as dioxins have been found in almost all areas of the biosphere, human exposure has been proposed to be predominantly from foods. [20] [21] [22] [23] [24] Accordingly, detailed study on the interaction of food constituents with AhR is required. Some flavonoids, curcumin, etc., have recently been shown to act as natural AhR ligands. [25] [26] [27] [28] [29] However, detailed studies on the AhR ligand activities of other vegetable constituents are rare.
In this study, ninety-five vegetable constituents were assessed for their AhR-ligand binding activities using the chemical activated luciferase gene expression (CALUX) assay, which uses a patented recombinant murine cell line that contains the luciferase receptor gene under the control of XRE. 30) 
MATERIALS AND METHODS
Chemicals TCDD (98%) and dimethyl sulfoxide (DMSO) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The following compounds were isolated from the species indicated in parentheses [31] [32] [33] : Procyanidins B2 and C1 (Theobroma cacao); procyanidin B4 (Cowania mexicana); brevifolincarboxylic acid (Phyllanthus flexuosus); geraniin (Geranium thunbergii); agrimoniin (Agrimonia japonica); oenothein B (Eugenia uniflora); gemin A, pedunculagin and tellimagrandin I (Geum japonicum); pentagalloylglucose and rugosin D (Loropetalum chinense); and sanguiin H-6 (Rubus parvifolius). Naringin 4Ј-O-a-glucose was isolated from a natural food additive, enzymatically modified naringin. 34) Their purities were greater than 90% as determined by HPLC. The other compounds tested were purchased from Funakoshi (Tokyo, Japan), Wako (Osaka, Japan), Tokyo Kasei (Tokyo, Japan), Sigma-Aldrich (MO, U.S.A.), and Nakahara Science (Gifu, Japan). Most chemicals were of the highest grade commercially available, and tested without further purification. For example, the purities of daidzein, glycitein and genistein were greater than 98%. These compounds are shown in Fig. 1 .
Activation of the

CALUX Assay for AhR Ligand Activity
For the identification of AhR-activating compounds, a CALUX system was used. 30, 35) When mouse hepatoma (H1L1) cells are exposed to environmental ligands such as dioxins, the luciferase protein is synthesized. The amount of light emitted by the luciferase protein is directly correlated with the dioxin level, and this system is used as a simple dioxin monitoring method. The CALUX assay for AhR ligand activity was carried out as follows. The mouse hepatoma H1L1 cells (ca.
1.5ϫ10
5 cells/well) were cultured in 96-well culture plates, and samples dissolved in DMSO were added at final concentrations of 0.01-100000 nM in 8-steps (in the case of TCDD, final concentrations of 0.0015-0.39 nM in 9-steps). The final DMSO concentration was 1% in the cell culture medium. The plates were incubated at 37°C in 5% CO 2 for 24 h to produce the optimal expression of luciferase activity. After incubation, the cell viability was confirmed under a microscope. Subsequently, the medium was removed and the cells were lysed. After the addition of luciferin as the substrate, the luciferase activity was determined under a luminometer and reported as relative light units (RLUs). In order to define the potency of each of the compounds tested, luciferase production was represented by concentration-response curves. The concentrations producing luciferase activity equal to 25% of the maximal response to TCDD were calculated, and expressed as EC TCDD25 . The relative values of the EC TCDD25 of each of the compounds compared to the EC 25 of TCDD were calculated, and are referred to as induction equivalency factors (IEFs).
RESULTS AND DISCUSSION
The in vitro AhR-inducing potencies of ninety-five plant constituents, which include vegetables, fruits, tea, herbs, etc., were determined by the CALUX assay, which measures the ability of the chemical to activate AhR-dependent gene expression in cells in culture and was recently applied as a screening procedure for the identification and characterization of a novel class of AhR ligands/agonists. 35) Dose-response curves are plotted on a log scale for some of the individual samples as shown in Fig. 2 . Most of them showed no luciferase induction at the 10 5 nM level, and some showed luciferase activity at high concentration (10 3 -10 5 nM) levels. TCDD, which is a potent xenobiotic AhR ligand, showed an appreciable increase in luciferase activity in a dose-dependent manner in this assay system. The concentration of 25% of the maximal response produced by TCDD calculated from the dose-response curve was represented by EC TCDD25 , and the value was determined to be 1.3ϫ10
Ϫ2 nM. Table 1 shows the AhR ligand activities of the tested compounds.
Of the tested samples, most of the isoflavones produced responses that reached maximal TCDD levels [ Fig. 2b , 1.3ϫ10 Ϫ7 in 6Љ-malonyldaidzin and 6Љ-malonylgenistin, respectively. The value of 6Љ-malonylglycitein could not be calculated because luciferase induction to the EC TCDD25 was not observed). On the other hand, equol, which is regarded as the final metabolite of isoflavones, exhibited only a slight induction of the activity at concentrations as high as 10 5 nM, and no luciferase induction to the EC TCDD25 level was observed.
Among the flavanones, naringenin and hesperetin elicited an agonist AhR-mediated activity in part [ Fig. 2a] nM as shown in Fig. 2c , and no luciferase induction reaching the EC TCDD25 level was observed. Also, flavonols, myricetin, morin, etc., showed slight activation of luciferase at high concentrations in the order of 10 5 nM [ Fig. 2d ], but no induction to the EC TCDD25 level was shown.
Among the remaining compounds tested, resveratrol having a stilbene structure and alizarin, which are classified as anthraquinones showed AhR-inducing potencies comparable to the isoflavones, which had the strongest potencies among the samples tested in this study (7.3ϫ10 3 and 3.1ϫ10 3 nM in EC TCDD25 with 10 Ϫ6 order levels in IEFs, respectively). In the others, condensed and hydrolyzable tannins, phenolcarboxylic acid and related compounds, etc., as shown in Table 1 and Fig. 2 , induced little production of luciferase in EC TCDD25 levels at high concentrations.
Based on these data, the structure-activity correlations in the activation of AhR by vegetable constituents were estimated. Isoflavones such as daidzein, glycitein and genistein, had similar AhR-inducing potencies. The glycosides and their 6Љ-O-acylates (acetylate and malonylate) showed lower induction levels compared with non-glycosides. Considering their structural differences, the differences in activity may be ascribed to the increases in molecular size and polarity, and to transfer to the non-planar structure produced by glycosidation. Equol, which is a metabolite of isoflavones and has only one hydroxyl group in the A-ring, showed poor induction of AhR at the tested concentration range. This may be because the double bond between C-2 and C-3 (olefin moiety) in the C-ring is saturated, and this molecular structure changed to non-planar.
The activities of flavanones such as naringenin and hesperetin also tended to be weakened by glycosidation in a similar manner to that of isoflavones, that is to say, it is considered that this tendency is due to the increase in molecular size and polarity. Baicalein, baicalin, and chrysin, which induced AhR activation, possess two or three hydroxyl groups at C-5, 6, and 7 in the A-ring, but they have none in the B-ring. The other flavones, apigenin, luteolin and vitexin, which weakly induced the activity, have a hydroxyl group in the B-ring. Accordingly, the hydroxyl group in the A-ring has a negligible influence on the activation, and the hydroxyl group in the Bring could contribute. Similarly, flavonols, which possess the hydroxyl group(s) in the B-ring, poorly induced the activation, with the exception of myricetin and morin, which caused a slight induction at the 10 5 nM level. Thus, in naturally occurring flavones and flavonols, the hydroxyl group(s) in the B-ring and in C-3 of C-ring may influence activation.
Recently, it has been reported that halogenated derivatives having a trans-stilbene structure exhibit AhR activation. 36) In this study, resveratrol having a trans-stilbene structure showed luciferase activity comparable to the maximum induction of TCDD at the high concentration level. Rosmarinic acid and curcumin, which have lengthened carbon chains attached to a styrene skeleton, showed lower AhR induction activity. It is believed that the molecular size in the stilbene skeleton is important to this activity. Although curcumin has been reported to be a ligand of AhR while resveratrol has been shown to be an antagonist rather than an agonist of AhR, 27, 29) we found that the activation by curcumin was poor while that by resveratrol was potent. The present data were determined using an in vitro reporter gene assay with mouse hepatoma cells. The difference in methodology may explain the discrepancy between our results and those reported using an electrophoretic-mobility shift assay with human cells. Among the anthoraquinones, emodin and aloe-emodin exhibited only weak AhR activity, while alizarin did show activity. Although they possess a planar structure similar to TCDD, emodin and aloe-emodin possess a hydroxyl group and methyl or alcohol groups, respectively. Therefore, the bulky structure and the high polarity of the molecules may contribute to the activity. Figure 3 depicts molecular models of the compounds that induced luciferase activity (daidzein, resveratrol, alizarin, and baicalein) and TCDD obtained as the minimum energy conformation. The AhR has been found to favor hydrophobic molecular with a quasi-planar structure, and accommodate a ligand-binding pocket of approximately 14ϫ12ϫ5 Å. 15, 37) TCDD are known to be potent AhR agonists and have dimensions of 13.7ϫ6.8ϫ3.5 Å. 37) As shown in Fig. 3 , these compounds have molecular sizes and planar structures similar to those of TCDD.
Phenolcarboxylic acid and related compounds negligibly induced the production of luciferase at concentrations equivalent to those in the compounds mentioned above. In general, it appears that mono-benzene derivatives hardly induce AhR activation. Although compounds such as ellagic acid and brevifolincarboxylic acid have relatively planar structures, they activated the AhR only slightly. These results may be because of the increase in polarity due to the many hydroxyl groups and the non-fit into the AhR. Condensed tannins (dimer and trimer procyanidins) and hydrolyzable tannins (monomer and dimmer gallotannin and ellagitannins) are large, bulky molecules with many hydroxyl groups, and therefore they only weakly induced activation. Coumarin and coumestrol, which have a coumarin moiety, possess a planar structure, however, little luciferase activity was induced. Their lactone moiety is highly reactive, therefore, metabolism during the bioassay might be responsible for this result. Purines (caffeine and theophylline), chalcones (butein and phloretin), and other compounds also induced luciferase activity only slightly. These finding may also have been caused by the various factors noted above.
Isoflavones such as daidzein and resveratrol having a stilbene structure, which are the so-called phytoestrogens, demonstrated the AhR activation. However, coumestrol, bsitosterol, chalcones, and some flavonoids, which are classified as phytoestrogens, were mostly inactive. These findings may suggest that the mechanisms of estrogenic action are diverse. Southeast Asian and Japanese people often consume soybeans and soybean-derived products, which contain abundant isoflavones. It is known that these soy isoflavones may have some health-enhancing properties. [38] [39] [40] Isoflavones are mostly metabolized within the body and their metabolites may not induce the AhR. However, taking into consideration that soy isoflavones such as daidzein and genistein appear to be incorporated into tissues after the ingestion of baked soybean powder by humans, 41) the AhR may play some beneficial regulatory role in humans. Further detailed studies on these effects are currently in progress.
